Theoretical investigations were conducted on the gas phase all-anti zigzag geometries of C 3 through C 7 perfluoro-n-alkanes and the perfluoro-n-octanoate anion using various semiempirical, density functional theory, and composite method approaches. The conformations.
Theoretical investigations were conducted on the gas phase all-anti zigzag geometries of C 3 through C 7 perfluoro-n-alkanes and the perfluoro-n-octanoate anion using various semiempirical, density functional theory, and composite method approaches. The major theoretical methods are in agreement that the gas phase zigzag geometry of ≥C 3 4 and C 5 perfluoroalkyl groups is estimated at between 1 and 2 kcal mol −1 .
perfluoro-n-alkyl chains is a transition state between the left and right handed helical/twisted global minima. For the C 3 perfluoropropyl group, a slightly twisted (∼1 to 2 degree central F-C-C-F dihedral angle) near zigzag conformation exists as a global minimum, whereas helical global minima are obtained for C 4 and longer perfluoroalkyl chains. The left to right handed helix inversion activation energy for C
Due to their thermal stability, chemical inertness, dielectric strength, water repellant properties, and surface active behavior, perfluorinated-n-alkanes are widely employed in a number of applications such as insulations, non-stick materials, textile coatings, fire-fighting foams, lubricants, solvents, and biomedical products [1] . From both fundamental and applied perspectives, the conformational behavior of perfluorinated-n-alkane chains has attracted substantial interest. The helical conformations of longer chain perfluoroalkanes (≥C 4 ) are generally acknowledged as the global minima (see, e.g., [2] [20] have postulated the existence of relatively low-energy all-anti zigzag longer chain perfluoroalkane local minima conformations lying very close in energy to the corresponding global minima helical
conformations.
There appears to be no theoretical or experimental controversy regarding the existence of a slightly twisted near zigzag global minimum on the potential energy surface of the perfluoropropyl group, and a global minimum helical conformation for the perfluoro-n-butyl group (molecular mechanics force fields may find the zigzag conformation as a local minimum for perfluoro-n-butane, but higher levels of the- [36] , and G4MP2 [37] levels of theory using Gaussian 09 [38] corroborate this view, all of which yield converged near zigzag local minimum conformations (having F-C-C-F dihedral angles offset by 1.7, 1.5, and 1.2 degrees, respectively, from true zigzag) with no imaginary frequencies from a MMFF94 molecular mechanics force field [39] optimized zigzag starting geometry (500 steps, steepest descent algorith, 10 −7 convergence criteria, Avogadro 1.0.1 [http : //avogadro.openmolecules.net]) ( Figure  1) . A true zigzag conformation for perfluoropropane was not found.
Analogous
calculations at the B3LYP/6-311++G(d,p), B97D/6-311++G(d,p) [40] , and G4MP2 levels of theory for perfluoro-n-butane from the corresponding MMFF94 optimized zigzag starting geometry converge on final true zigzag geometry transition states with one imaginary frequency ( Figure 2 ) and having C-C-C-C and central F-C-C-F dihedral angles of 180.0 degrees. Helical global minimum geometries for perfluoro-n-butane at the B3LYP/6-311++G(d,p) and B97D/6-311++G(d,p) levels of theory have C-C-C-C dihedral angles of 167.6 and 172.0 degrees, respectively, and central F-C-C-F dihedral angles of 12.8 and 8.3 degrees, respectively, giving Gibbs free energies of activation For the C 5 and longer perfluoro-n-alkanes as isolated molecules, the state of the art is not well resolved, particularly since there is evidence that discrete perfluoroalkyl chains may untwist the helix when packed in a periodic structure at chain lengths of ≤12 carbons [41] [42] . Golden et al. [14] reported the presence of gas phase standard state (298.15 K, 1 atm) zigzag local minima conformations of perfluoron-pentane, perfluoro-n-hexane, and perfluoro-nheptane that were 3.9(RHF/3-21G*)/0.5(RHF/6-31G*), 5.9(RHF/3-21G*)/1.1(RHF/6-31G*), and 7.9(RHF/3-21G*)/1.7(RHF/6-31G*) kcal mol −1 higher in energy than the corresponding helical global minima at the RHF/3-21G* and RHF/6-31G* [43] [44] [45] levels of theory. Starting with the MMFF94 optimized zigzag geometries for these three compounds (Figure 3 ), we were unable to obtain converged zigzag conformations at the RHF/3-21G* and RHF/6-31G* levels of theory. Instead, using both the RHF/3-21G* and RHF/6-31G* methods and the starting MMFF94 zigzag geometries, we obtain converged helical conformations for perfluoro-n-pentane, perfluoro-n-hexane, and perfluoro-n-heptane ( ure 4), all with no imaginary frequencies. At the RHF/3-21G* level for perfluoro-n-pentane, changing the optimization criterion to "tight" or "very tight" did not alter the results; in all cases, the helical conformation was obtained from the MMFF94 starting zigzag geometry. Similarly, RHF/3-21G* calculations at 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 K (all at 1 atm pressure) and at 1, 2, 5, 10, 100, 1000, 10000, and 100000 atm (all at 298.15 K) consistently yielded a converged perfluoro-n-pentane helical conformation from the starting MMFF94 zigzag geometry.
The semiempirical PM3 [46] method yields a converged perfluoro-n-pentane zigzag geometry with no imaginary frequencies ( Figure 5 ), but its semiempirical method AM1 [47] , PM6 [48] , and PDDG [49] [50] counterparts converge to zigzag geometries having one imaginary frequency characteristic of a transition state between the left and right handed helical global minima. All four semiempirical methods also yield converged helical geometries (Figure 6 ), but with less helicity than is found at higher levels of Hartree-Fock, density functional, and composite method theory [18] . Consequently, the AM1, PM6, and PDDG methods predict that the zigzag geometry of perfluoro-n-pentane is a transition state with a ∆G ‡ that is 1.7, 1.4, and 1.0 kcal mol −1 , respectively, above the left and right handed helical global minima. In contrast, the PM3 method predicts the zigzag perfluoro-n-pentane as the global minima at an energy 0.7 kcal mol −1 lower than the corresponding left and right handed helical local minima.
Calculations were also conducted starting from the MMFF94 optimized zigzag perfluoro-n-pentane ge- , and B97D density functionals with the 6-311++G(d,p) basis set, and the B3LYP functional with the aug-cc-pVDZ basis set [55] [56]. None of these higher level methods provide evidence for a perfluoro-n-pentane zigzag local (or global) minimum. With the exception of the B97D/6-311++G(d,p) level of theory, all theoretical approaches converge directly to a helical perfluoro-npentane conformation with no imaginary frequencies ( Figure 7 ). In contrast, the B97D/6-311++G(d,p) method gives a converged zigzag geometry with one imaginary frequency, having a corresponding ∆G ‡ of 1.7 kcal mol −1 for helix inversion (Figure 8 ).
Overall, it appears the PM3 method yields anomalous results for the conformational behavior of perfluoro-npentane when compared to other semiempirical methods and higher levels of theory. All other major theoretical methods appear to be in uniform agreement that the helical conformation of perfluoro-n-pentane is the global minimum, and that the zigzag geometry is not a local minimum that can contribute to the conformational space of these compounds, but instead likely represents a transition state between the left and right hand helical conformations.
More recently, Abbandonato et al. [20] conducted some unconventional gas phase standard state calculations at the B3LYP/6-311+G(d) level of theory on the perfluoro-n-octanoate anion, suggested that the zigzag geometry was a local minima about 1.3 kcal mol −1 above the helical global minima, and thereby contributed about 10 percent towards the overall conformational space. Our calculations using a starting MMFF94 optimized zigzag perfluoro-n-octanoate geometry at the AM1, PM3, PM6, HF/6-31G, HF/6-31+G(d,p), HF/6-311+G(d), HF/6-311++G(d,p), B3LYP/6-31G, B3LYP/6-31+G(d,p), B3LYP/6-311+G(d), B3LYP/6-311++G(d,p), M062X/6-311++G(d,p), and MP2/6-31G [57] levels of theory all consistently show an absence of a gas phase standard state zigzag local minimum for the perfluoro-n-octanoate anion. Instead, all methods converge to helical conformations with no imaginary frequencies from the starting zigzag geometry (Figure 9 ). These findings are consistent with our previous comprehensive coupled MMFF94-DFT conformational search on the perfluoro-n-octanoate anion (and corresponding acid form), which concluded that no zigzag local minimum was present for either species [58] .
Analogous calculations at the AM1, PM3, PM6, 311++G(d,p) , and MP2/6-31G levels of theory using a starting MMFF94 optimized zigzag perfluoro-n-heptane geometry give equivalent results. No zigzag perfluoro-n-heptane local minimum was observed, and all calculations converged to an optimized helical geometry without imaginary frequencies (Figure 10) . The B97D/6-311++G(d,p) level of theory also does not converge on a zigzag geometry for either perfluoro-n-hexane, perfluoro-n-heptane, or the perfluoro-n-octanoate anion from the respective MMFF94 zigzag starting geometries; the helical geometry is the final converged conformation in all cases.
In conclusion, the major theoretical methods appear to be in agreement that the gas phase zigzag geometry of C 3 and longer perfluoro-n-alkyl chains is not a local minimum on the potentially energy surface. For these perfluoro-n-alkyl chains, the zigzag geometry appears to be a transition state between the left and right handed twisted/helical global minima.
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